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Abstract 



© : This paper presents an analytical investigation on the outage performance of dual-hop multiple antenna ampltfy- 

j^jr^ and-forward relaying systems in the presence of interference. For both the fixed-gain and variable-gain relaying 
schemes, exact analytical expressions for the outage probability of the systems are derived. Moreover, simple outage 
| probability approximations at the high signal to noise ratio regime are provided, and the diversity order achieved 
by the systems are characterized. Our results suggest that variable-gain relaying systems always outperform the 
corresponding fixed-gain relaying systems. In addition, the fixed-gain relaying schemes only achieve diversity order 
of one, while the achievable diversity order of the variable-gain relaying scheme depends on the location of the 
multiple antennas. 
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I. Introduction 

Due to the ability of significantly improving the throughput, coverage, and energy consumption of the 



— communications systems, dual-hop relaying technique has attracted enormous attention from both the 
industry [1] and academia [2,3]. Among various relaying schemes proposed in the literature, amplify- 
and-forward (AF) relaying scheme, which simply amplifies the received signal and re-transmits it to the 
destination, is of particular interest because of its simplicity and low implementation cost. 

The AF relaying scheme generally falls into two categories, i.e., fixed-gain relaying [2] and variable-gain 
relaying [3]. Both schemes have received great attention and a large body of literatures has investigated the 
performance of the two relaying schemes in various propagation environments (see [4, 5] and references 
therein). While these works have significantly improved our understanding on the performance of dual-hop 
AF relaying systems, a key feature of wireless communication systems, namely, co-channel interference 
(CCI), is neglected. 
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This important observation has recently promoted a surge of research interest in understanding the 
impact of CCI on the performance of dual-hop AF relaying systems. In [6], the outage performance of 
dual-hop fixed-gain AF relaying systems with interference-limited destination was investigated, while [7] 
addressed case with variable-gain relaying scheme and interference-limited relay, and later [9] extended 
the analysis of [7] to the more general Nakagami-m fading channels, while [8] studied the performance of 
fixed-gain dual-hop systems with a Rician interferes Meanwhile, the more general case with interference 
at both the relay and destination nodes has been investigated in [10-15]. In [10], the outage performance 
of dual-hop fixed-gain AF relaying scheme was examined, and the case with variable-gain relaying scheme 
was dealt with in [1 1, 12]. [13] presented an approximated error analysis of the system employing variable- 
gain relaying scheme, and [14] studied the outage performance of both fixed-gain and variable-gain 
schemes assuming a single dominant interferer at both the relay and destination, while [15, 16] addressed 
the case with Nakagami-m fading. Most recently, resource allocation problems in the AF relaying systems 
have been studied in [17, 18]. 

It is worth pointing out that most of the prior works assume the interference-limited scenario, hence, the 
impact of the joint effect of CCI and noise on the outage performance of dual-hop AF relaying system has 
not been well-understood. In addition, all the prior works consider the single antenna systems, therefore, the 
effect of employing multiple antennas in the presence of CCI in the dual-hop context remains unknown. In 
light of these two key observations, we investigate the outage performance of dual-hop multiple antenna 
AF relaying systems in the presence of CCI as well as noise. For mathematical tractability, we limit 
the analysis to the case where only one of the nodes is equipped with multiple antennas, hence, three 
scenarios are of interest: (1) multiple antenna source, single antenna relay and destination (N-l-1); (2) 
multiple antenna destination, single antenna source and relay (1-1-N); (3) multiple antenna relay, single 
antenna source and destination (1-N-l). We also assume that the relay node is subjected to a single 
dominant interferer and noise while the destination is corrupted by the noise onlyQ. Although the system 
model is less general, it enables us to gain key design insights on the joint impact of CCI and noise, as 
well as the benefit of implementing multiple antennas. 

The main contributions of the paper are summarised as follows: 

• For fixed-gain relaying systems, we derive exact closed-form expressions for the outage probability 
of all three systems. 

• For variable-gain relaying systems, we present analytical expressions involving a single integral for 

'Our model assumes that the relay and destination nodes experience different patterns of interference, which is particularly suitable for 
the frequency division duplex system, where the source-relay link and the relay-destination link operate over different frequency [19,20]. 



the outage probability of all three systems. In addition, we propose simple and tight closed-form 
lower bound of the outage probability of the system. 

• For both fixed-gain and variable-gain relaying systems, we give simple and informative high signal 
to noise ratio (SNR) approximations for the outage probability for all three systems. 

• These analytical expressions not only provide fast and efficient means for the evaluation of the outage 
performance of the systems, they also enable us to gain valuable insights on the impact of key system 
parameters on the outage performance of the system. 

The remaining of the paper is organized as follows: Section II introduces the system model. Section III 
presents the exact as well as asymptotical analytical expressions for the outage probability of the systems, 
and numerical results and discussions are provided in Section IV. Finally, Section V concludes the paper 
and summarizes the findings. 

Notations: We use bold upper case letters to denote matrices, bold lower case letters to denote vectors 
and lower case letters to denote scalers. |h| 2 denotes the Frobenius norm, E{x} stands for the expectation 
of random variable x, * denotes the conjugate operator, while f denotes the conjugate transpose operator. 
n\ denotes the factorial of integer n and T(x) is the gamma function. 

II. System Model 



Let us consider a dual-hop multiple antenna AF re 



k 



aying system as illustrated in Figure 1, where the 
and additive white Gaussian noise (AWGN), while 



relay node is subjected to a single dominate interfere]] 
the destination node is corrupted by AWGN only. 

During the first phase, the source transmits signal symbol to the relay node, and the signal received at 
the relay node can be expressed as 

y r = HiX + hjSj + ii!, (1) 

where Hi denotes the channel for the source-relay link, and its entries follow identically and independently 
distributed (i.i.d.) complex Gaussian distribution with zero-mean and variance of, x is the source symbol 
vector with E{xTx} = P, hj is the channel for the interference-relay link, and its entries are i.i.d. complex 
Gaussian random variables with zero-mean and variance of, sj is the interference symbol satisfying 
E{s/s}} = Pi, and ni is the AWGN noise at the relay node with E{n|ni} = N I. 

2 We assume a single interferer at the relay node for the mathematical tractability. Although less general, the single interferer model is still 
of practical interest and importance. For instance, in a well planned cellular network, it is very likely that the system will be subjected to a 
single dominant interferer. Hence, it has been adopted in a number of previous works, i.e., [21,22]. 
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At the second phase, the relay node transmits a transformed version of the received signal to the 
destination, and the signal at the destination can be expressed as 

y, = H 2 Wy r + n 2 , (2) 

where H 2 denotes the channel for the relay-destination link, and its entries are i.i.d. complex Gaussian 
random variables with zero-mean and variance of. W is the transformation matrix with E{| |Wy r | |^} = P r , 
and n 2 is the AWGN with E{n 2 n^} = N I. We assume that H l5 H 2 , and h/ are mutually independent. 

Note, for the sake of a concise presentation, we have, in the above, provided a fairly general dual-hop 
multiple antenna AF relaying system model on purpose. However, we do not specify the size of the 
matrices H l5 H 2 or vectors hj here. Instead, they will be defined explicitly whenever appropriate in the 
following sections. 

For notational convenience, we define p\ = p 2 = ^j^-, and pi = 

III. The N-l-1 System 

This section considers the case where the source node is equipped with iV antennas, while the relay 
and destination nodes only have a single antenna. For such system, we assume that beamforming scheme 
is adopted at the source node, i.e., x = w t s, where w t is the transmit beamforming vector with |w t | 2 = 1 
and s is the transmit symbol with E{ss*} = P. To conform to the notation convention, we will use vector 
hi ~ CAf lxN to denote the source-relay link instead Hi. Similarly hi and h 2 , will be used to denote 
channel for the interference-relay link and relay-destination link, respectively. 

The end-to-end signal to interference and noise ratio (SINR) of the system can be expressed as: 
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It is easy to observe that the optimal beamforming vector is to match the first hop channel hi, i.e., 

h t 

w t = jj^j. Therefore, the end-to-end SINR is given by 
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(4) 



In the following, we provide a separate treatment for the fixed-gain and variable-gain relaying schemes. 



A. Fixed-Gain Relaying 

For fixed-gain relaying scheme, the relaying gain is given by w 2 = 
following key result. 



NPaf+ % aj+No , and we have the 



Theorem 1: The outage probability of the N-l-1 dual-hop fixed-gain AF relaying systems is given by 
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where K v (x) is the v-th order modified Bessel function of the second kind [23, Eq. (8.407.1)]. 

Proof: See Appendix III-AI □ 

Theorem Q] only involves standard functions, and hence offers an efficient means to evaluate the outage 
probability of the N-l-1 dual-hop fixed-gain AF relaying systems. For the special case N = 1, the above 
expression reduces to prior results presented in [8, Eq. (12)] and [16, Eq. (10)]. To gain more insights, 
we look into the high SNR regime, where simple expressions can be obtained. 

Theorem 2: At the high SNR regime, i.e., p 2 = fipi, p\ — > oo, the outage probability of the N-l-1 
dual-hop fixed-gain AF relaying systems can be approximated as 



(i(ln^ + ^(l)+^(2))+p / + l)5f, N = l, 



CT(7th)~<( VMV 7th J > P1 (6) 

where ip(x) is the digamma function [23, Eq. (8.360.1)]. 

Proof: See Appendix lIFBl □ 
Theorem |2] indicates that fixed-gain relaying schemes only achieve diversity order one regardless of the 
number of antennas N. However, increasing N helps improve the outage performance by providing extra 
array gain. Moreover, Theorem [2] suggests that the impact of CCI vanishes at the high SNR regime when 
N>2. 

B. Variable-Gain Relaying 

For variable-gain relaying scheme, the relaying gain is given by w 2 = | hl pp + |^|2p J+A r > and we have 
the following key result. 

Theorem 3: The outage probability of the AT- 1-1 variable-gain relaying systems is given by 
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where Ii(7th) is defined as 
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Proof: See Appendix III-CI 
To the best of the authors' knowledge, the integral Xi does not admit a closed-form expression. However, 
this single integral expression can be efficiently evaluated numerically, which still provides computational 
advantage over the Monte Carlo simulation method. Alternatively, we can use the following closed-form 
lower bound on the outage probability, which is tight across the entire SNR range, and becomes exact at 
the high SNR regime. 

Corollary 1: The outage probability of the N-l-1 variable-gain relaying systems is lower bounded by 



p' M = 1 - ± ( J - ) A E ( m ) 



P/7th) J+1 



(9) 




m=0 j=0 

Proof: We first notice that the end-to-end SINR can be upper bounded by 

|hi| 2 P \h 2 \ 2 P r / |hi| 2 P . , 2 

7 = ^ < min ^ \JH_LL 1 (10) 

Hence, due to the independence of /ii, /i 2 and /i 3 , the outage probability of the system can be lower 
bounded by 

(ID 

To this end, the desired result can be computed after some simple algebraic manipulations with the help 
of Lemma |2] presented in Appendix HI □ 

Now, we look into the high SNR regime, and investigate the diversity order achieved by the system. 

Theorem 4: At the high SNR regime, i.e., p 2 = ppi, p\ — > 00, the outage probability of the N-l-1 
variable-gain relaying systems can be approximated as 

[ {- + Pi + — , N = 1, 
*»7thW Vm Jpi (12) 

[ i2 7, N>2. 

Proof: See Appendix HTDl □ 

Clearly, the variable-gain relaying system also achieves diversity order of one. Now, comparing Theorem 

|4] and Theorem [21 it is evident that the variable-gain relaying scheme outperforms the fixed-gain relaying 

scheme at the high SNR regime. Moreover, the performance gain is much more pronounced for small N, 

and gradually diminishes when N becomes large. Similarly, we see that the impact of CCI disappears 



when N > 2, which suggests that implementing multiple antenna at the source can effectively help combat 
the CCI at the relay. 

IV. The 1-1-N System 

This section considers the case where the destination node is equipped with N antennas, while the 
source and relay nodes only have a single antenna. Similarly, to conform to the notation convention, we 
will use scaler h\, hi and vector h 2 ~ CAf Nxl to denote the source-relay, interference-relay and relay- 
destination links, respectively. After applying the maximum ratio combining at the destination node, the 
end-to-end SINR can be expressed as 

= M 2 |h 2 | 2 M 2 P 

7 M 2 |h 2 | 2 |/i 7 | 2 P / + M 2 |h 2 | 2 iVo + N ' { } 

For notational convenience, we define y\ = \h\\ 2 , y 2 = |h 2 | 2 , y$ = \hi\ 2 . 

A. Fixed-Gain Relaying 

For fixed-gain relaying scheme, the relaying gain is given by w 2 = Pa i + p^ 2+No , and the outage 
probability of the system is given in the following theorem. 

Theorem 5: The outage probability of the 1-1-N fixed-gain relaying systems is given by 
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Proof: From the definition, the outage probability is given by 

P ut(7th) = Pr (yi < ^ (y 3 Pj + N + J^) ) . (15) 
Conditioned on y 2 and 2/3, the outage probability can be shown as 

_7th JV _ Tth^O ithva p i 

fout(7th) = 1 - e ^Te ^H 2 ^ e p °l . (16) 
Averaging over y 2 and y 5 , the unconditional outage probability can be obtained as 
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To this end, substituting w into Eq. (flTT) . the desired result can be obtained after some simple algebraic 
manipulations. □ 
Having obtained the exact outage probability expression, we now establish the asymptotical outage 
probability approximation at the high SNR regime. 



Theorem 6: At the high SNR regime, i.e., p 2 = pp\, pi — > oo, the outage probability of the 1-1-N 
dual-hop fixed-gain AF relaying systems can be approximated by 

Poutb-th) &(p, + l + JffZT[fc) ^2. <> 8 > 

Proof: Utilizing the asymptotic expansion (I4TT) . the desired result can be obtained after some basic 
algebraic manipulations. □ 
Theorem [6] indicates that the 1-1-N system achieves diversity order one. Also, it suggests that a large 
TV and relay transmit power helps to reduces the outage probability by providing a larger array gain. 
Moreover, it shows that the CCI always degrades the outage performance of the system. 



B. Variable-Gain Relaying 
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For variable-gain relaying scheme, the relaying gain is given by w 2 = — p Pr p N , and the outage 



probability of the system is given in the following theorem. 

Theorem 7: The outage probability of the 1-1-N dual-hop variable-gain AF relaying systems can be 
expressed as 

_2th._2th. IV— 1 fc+i 
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Proof: The result can be obtained by following similar lines as in the proof of Theorem [31 along 
with some simple algebraic manipulations. □ 
Corollary 2: The outage probability of the 1-1-N dual-hop variable-gain AF relaying systems is lower 
bounded by 
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PZ (7th) = 1 - 1 - ^7 ( N, — j j , (21) 

where j(n, x) is the lower incomplete gamma function [23, Eq. (8.350.1)]. 

Proof: The result can be obtained by following similar lines as in the proof of Corollary [T] along 
with some simple algebraic manipulations. □ 

Now, we look into the high SNR regime, and investigate the diversity order achieved by the system. 

Theorem 8: At the high SNR regime, i.e., p2 = ppi, pi — > oo, the outage probability of the system 



s 



can be approximated as 

^(7th) «(! + />/)—, N>2. (22) 
Pi 

Proof: Utilizing the asymptotical expansion of the incomplete gamma function [23, Eq. (8.354.1)], 
the desired result can be obtained after some simple algebraic manipulations. □ 
Not surprisingly, we see that the 1-1-N system with variable-gain relaying also achieves diversity order 
one. Compared with Theorem [6l we see that the variable-gain relaying scheme outperforms the fixed-gain 
relaying scheme by achieving a higher array gain. Also, Theorem [8] suggests a rather interesting result 
that increasing iV beyond two does not produce any advantage at the high SNR regime. 

V. The 1-N-l System 

This section considers the case where the relay node is equipped with N antennas, while the source 
and destination nodes only have a single antenna. Similarly, to conform to the notation convention, we 
will use hi ~ CJ\f Nxl , hj ~ CJ\f Nxl and h 2 ~ CJ\f lxN to denote the source-relay, interference-relay and 
relay-destination links, respectively. Then it is easy to show that the end-to-end SINR can be expressed 
as 

IhlWhjPP 

7 = — t • (23) 

|h 2 Wh/| 2 P/ + |b4w| 2 jV + iV 

A. Fixed-Gain Relaying 

With fixed-gain relaying scheme, the relay transformation matrix is simply a scaled identity matrix, 
i.e., W = wl, with w 2 = NPa 2 + ^ Picr i +NQ - Hence, the end-to-end SINR reduces to 

7 = " 2 l h ^l 2p (24) 

w 2 |h$h/| 2 P/ + w 2 |h 2 | 2 iVo + N 

Theorem 9: The outage probability of the 1-N-l dual-hop fixed-gain AF relaying systems is given by 



— 2th., . K / / \ 
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Proof: See Appendix IIII-AI □ 
Theorem 10: At the high SNR regime, p 2 = pipi, p\ — > oo, the outage probability of the 1-N-l fixed- 
gain relaying systems can be approximated as 

Pout(7th)^ (l + Pi+ (A N u ) — , N>2. (26) 



Proof: Utilizing the asymptotic expansion (HTI) . the desired result can be obtained after some basic 
algebraic manipulations. □ 
Theorem [101 indicates that the 1-N-l system with fixed-gain AF relaying only achieves diversity order 
one. Moreover, it suggests that the CCI degrades the outage performance while increasing iV helps improve 
the outage performance. 

B. Variable-Gain Relaying 

When the channel state information (CSI) is available at the relay node, the optimal relay transformation 
matrix W could be obtained by solving Eq. (|23l) . However, due to the non-convex nature of the problem, 
finding the optimal W in analytical form does not seem to be tractable. Therefore, we hereafter propose 
a heuristic W and investigate its performance. 

With CSI at the relay node, it is nature to apply the maximal ratio combining/transmitting principle. 
Hence, the relay transformation matrix is given by W = w i^flT^T - Depending on the availability of the 
interference channel information (ICI) at the relay node, we consider to two separate cases. 

1 ) Without ICI: In this case, to meet the power constraint at the relay node, we have 

P P 

2 _ 1 _r_ _ f_r 

" E{hih!P + Ihih/l^/llnl 2 + iV } ~ NPaf + P z aj + N ' 
Hence, the end-to-end SINR can be expressed as 

|h 2 | 2 |h!| 2 P m . 

7 = 1. r | 2 1 . (28) 

\h^^fPj + \hi^N + N /w" 

Theorem 11: The outage probability of the 1-N-l dual-hop variable-gain AF relaying systems without 
ICI can be expressed as 

^ N-l m 771 / \ i / . x i-n/ . , , N / \ JV + J '~' 
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Proof: See Appendix ITlFBl □ 
Theorem 12: At the high SNR regime, p2 = [ip\, p\ — > oo, the outage probability of the 1-N-l dual-hop 
variable-gain AF relaying systems without ICI can be approximated as 

p , , ^ (-1)^(1x1 ^ - m 1)) (N lth \ N 

Pout(7th) "^ T(N)T(i + mN-i + l) [jpj) ■ (30) 
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Proof: The result can be obtained by following similar lines as in the proof of Theorem Q] with the 
help of Lemma \T\ □ 
2) With ICI: When the ICI is available at the relay node, we have 

w 2 = ^ . (31) 

Hence, the end-to-end SINR can be expressed as 

7 = — ; IUl !'"' ' r— r (32) 
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Theorem 13: The outage probability of the 1-N-l dual-hop variable-gain AF relaying systems with ICI 
can be expressed as 
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Proof: The result can be obtained by following similar lines as in the proof of Theorem [3j along 
with some simple algebraic manipulations. □ 
Corollary 3: The outage probability of the 1-N-l dual-hop variable-gain AF relaying systems with ICI 
can be lower bounded by 



.3 J (Pi + P/7th) i+1 

Proof: The result can be obtained by following similar lines as in the proof of Corollary [TJ along 
with some simple algebraic manipulations. □ 
Theorem 14: At the high SNR regime, the outage probability of the system can be approximated 

1 / / 1 \ 1 \ / \ JV 

1 I „ jV_rrr, Lr , 1 1 \ , 1 \ I 7th 



where T(n, x) is the upper incomplete gamma function [23, Eq. (8.350.2)]. 

Proof: See Appendix UTTCl □ 
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While Theorem \\0\ implies that the fixed-gain relaying scheme only achieves diversity order of one, 
both Theorem [T2l and [141 reveal that diversity order of iV is achieved by 1-N-l systems with variable-gain 
relaying scheme. 

VI. Numerical Results and Discussion 

In this section, Monte Carlo simulation results are provided to validate the analytical expressions 
presented in the previous sections. Note, the integral expressions presented in Theorem 3 and Theorem 7 
are evaluated numerically with the build-in functions in Matlab, i.e., the "quad" command, and we choose 
the default absolute error tolerance value 1.0 * 10~ 6 to control the accuracy of the numerical integration. 
For all the simulations, we set 7 t h = dB, and pj = dB. Also, all the simulation results are obtained by 
10 7 runs. In general, deploying multiple antenna helps to combat the impact of CCI at the relay node, and 
the variable-gain relaying scheme outperforms the fixed-gain relaying scheme at the high SNR regime, 
see Table Q] for a summary of the performance comparison between the two relaying schemes. 

Figure 2 plots the outage probability of the N-l-1 dual-hop AF relaying systems for both fixed-gain 
and variable-gain relaying schemes when fi = 1. First of all, we can see that the analytical results are in 
exact agreement with the Monte Carlo simulation results, and the outage lower bound for the variable- 
gain relaying system is sufficiently tight across the entire SNR range of interest, while the high SNR 
approximations works quite well even at moderate SNRs (i.e., pi = 18 dB). It can also be observed 
that, for both N = 1 and N = 2, the same diversity order of one is achieved by both the fixed-gain and 
variable-gain relaying schemes, which implies that increasing N does not provide additional diversity gain 
for the N-l-1 system. However, it does improve the outage performance of the system by offering extra 
coding gain. Moreover, the variable-gain relaying schemes in general outperforms the fixed-gain relaying 
schemes. 

Figure 3 examines the outage probability of the 1-1-N dual-hop AF relaying systems for both fixed-gain 
and variable-gain relaying schemes when /i = 1. Similar to the N-l-1 dual-hop AF relaying systems, we 
observe that only diversity order of one is achieved for both the fixed-gain and variable-gain relaying 
systems regardless of N, and variable-gain relaying systems achieve superior outage performance than 
the fixed-gain relaying systems. However, such performance gain diminishes gradually N becomes larger. 
As illustrated in the figure, the outage gap when N = 10 is much narrower when compared with N = 2. 
This rather interesting phenomenon is mainly due to the fact that the outage performance improvement 
of the variable-gain relaying schemes due to increasing iV is almost intangible at the high SNR regime, 
as manifested in Theorem [8] 
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Figure 4 illustrates the outage probability of the 1-N-l dual-hop AF relaying systems for both fixed-gain 
and variable-gain relaying schemes when N = 2 and p = 1. As shown in the figure, the diversity order 
achieved by the fixed-gain relaying scheme is one, while the diversity order achieved by the variable-gain 
relaying schemes is two. Moreover, we see that additional improvement of the outage performance is 
achieved when the ICI is available at the relay node. Both observations suggest the critical importance of 
have CSI at the relay node for the 1-N-l AF dual-hop systems. 

Figure 5 provides an outage performance comparison between the N-l-1, 1-1 -N and 1-N-l dual-hop 
AF relaying systems with fixed-gain relaying scheme. Let us first look back at Theorem Q], [5] and [91 we 
see that the coefficients of the high SNR approximations for the N-l-1, 1-1-N and 1-N-l are given by 
= a iiN =pi + l+ ^n-i) » and a iA f i = 1 +Pi+ rf.N-i) > respectively. It is easy to observe that 

Oijvi > {ajvii> GiL/v}. Now the difference of a Nn and an N can be computed as a Nn — a nN = - — (1+pj), 
which suggests the N-l-1 system outperforms the 1-1-N system only if - < 1 + pi. In Figure 4, it can 
be observed that the 1-N-l system always has the worst outage performance, while whether the outage 
performance of N-l-1 systems is superior than that of the 1-1-N systems depends on p, which confirms 
the above analysis. 

Figure 6 provides an outage performance comparison between the N-l-1, 1-1-N and 1-N-l dual-hop 
AF systems with variable-gain relaying scheme for p = 0.2,2. Recall Theorem [T2l and [T41 that the 1-N-l 
system achieves diversity order of N, hence, it definitely outperforms the 1-1-N and 1-N-l systems which 
only achieve diversity order of one. While a close observation at Theorem |4] and [8] shows that whether the 
1-1-N system is superior to the N-l-1 system depends on the relationship between - and 1 + pj. In Figure 
5, we see that the 1-N-l system always has the best outage performance, while the outage performance 
of the N-l-1 system is better than 1-1-N system when p = 2, and worse than the 1-1-N when p = 0.2. 

VII. Conclusion 

This paper has investigated the outage performance of dual-hop multiple antenna AF relaying systems 
with both fixed-gain and variable-gain relaying schemes. Exact analytical expressions for the outage proba- 
bility of the systems under consideration were presented, which provide fast and efficient means to evaluate 
the outage probability of the systems. In addition, simple and informative high SNR approximations were 
derived, while shed lights on how key parameters, such as CCI, antenna number N, and relay power p, 
affect the outage performance of the systems. 

The findings suggest that, for all three scenarios, the variable-gain relaying scheme outperforms the 
fixed-gain relaying scheme. Moreover, for the N-l-1 and 1-1-N systems, the performance advantage 
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of variable-gain relaying scheme diminishes as N increases. On the contrary, for the 1-N-l system, 
the performance advantage of variable-gain relaying is substantially increased when N becomes large. 
Moreover, it is demonstrated that whether the N-l-1 system outperforms the 1-1-N system depends on 
the interference power and the relay power. 

It is explicitly proven that, for all three scenarios, the fixed-gain relaying scheme only achieves diversity 
order of one. On the other hand, the variable-gain relaying scheme achieves diversity order of one for 
the N-l-1 and 1-1-N systems, but provides diversity order of N for the 1-N-l system, which suggests 
that it is beneficial to put the multiple antennas at the relay node when variable-gain relaying scheme is 
adopted. 

Appendix I 
Related Lemmas 

In this section, we present three Lemmas which will be used in the proof of the main results. Specifically, 
Lemma 1 will be used in the derivation of the asymptotical high SNR approximation for the N-l-1 system 
employing fixed-gain relaying scheme, Lemma 2 will be used in the derivation of the lower bound of the 
outage probability of the N-l-1 system employing variable-gain relaying scheme, while Lemma 3 will 
be used in the derivation of the exact outage probability of the N-l-1 system employing variable-gain 
relaying scheme. 

Lemma 1: Let U — y\ min (^pr, fj), where y±, y 2 are independent random variables with probability 
density function (p.d.f.) f yi (x) = wj^j e~ a , i = 1,2. y 3 is independently distributed exponential random 
variable with p.d.f. f y3 (x) = A » . C is a positive constant. Then the asymptotical expansion of the 
cumulative distribution function (c.d.f.) of U near zero can be expressed as 

Fu(x) = I Nl -' (37) 

(-l) N -*(hiCx-i,(l)-i,(N-i+l)) (r „\N N _ N _ N 
{ Z^i=0 r(N)T(i+l)T(N-i+l) ' ^vi— iv 2 — iV. 

Proof: Define v = ^^jrf, cf)' we ^ rst ta ^ e a 1°°^ at me asymptotic behavior of v near zero. To do 
so, we start by deriving the c.d.f. of v as follows 

F v (x) = 1 - Pr (-^ > x^j Pr > x) = 1 - Pr ^ 3 < ^ - l) (1 - Pr (y 2 < Cx)) 

= 1- (l-F y2 (Cx)). (38) 
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Hence, conditioned on yi, the c.d.f. of U can be expressed as 



t(H)) 



Fu (x) = l-{l-ex P [-^{--l) ))[l-F y2 [ — )). (39) 



Now, we observe that when x — > 0, exp ^— — l) J — )■ 0, hence, the conditional c.d.f. of Z7 can 
be well approximated by Fu(x) ~ F y2 f^fY F° r me N 2 — 1 case, the c.d.f. of y 2 near zero can be 
approximated as F V2 [j^J ~ • To this end, average over yi yields the desired result. 

The Ni = N 2 = N case is a bit more tricky since we can not approximate the c.d.f. of y 2 near zero 
because of the fact that the resulting integration does not converge. Therefore, we adopt an alternative 
method. We first explicitly approximate the c.d.f. of U near zero as 



N-l 



Fu(x) -i--^yE f§fr) (Cx)ET±KN - ( 2v/ ^) • (40) 



Invoking the asymptotic expansion of the K v (x) [23, Eq. (8.446)], we have 

(Cx^k^Vc^) = \ N Z n mii) k) { - Cx)k 



-Cxf^_ ^ lux - ^{k + 1) - ^{N - j + k + 1) k 

2 2^ T (k + i)T(N-t + k + i) 1 { ' 



The next key observation is that 



8=0 v ' k=0 v 1 



Hence, the first non-zero term in Eq. (1401) after the asymptotic expansion is given by 

ruw~ r(]V) 2^ r(i + i)r(iv - i + 1) ' v ; 



which completes the proof. 

Lemma 2: Let and ?/ 2 be independent random variables with p.d.f. f Vl (x) = -§i e A i , 

x 1 r(JVi) 

j^e A 2, and a, b are positive constant, then the c.d.f. of random variable U = ^+1 1S S^ ven by 



Fu{x) = 1 - e 1 ^ UJ ^ e J - r L + y^ - (44) 

m=0 J= A 2 f ^ + 

Proof: Starting from the definition, the c.d.f. of random variable U can be computed as 

F v {x) = Pr(U <x) = Pr (y x < ~{by 2 + !))=[ F yi (~(bt + 1)) f m (t)dt. (45) 
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To this end, plunging the corresponding c.d.f. of y\ and p.d.f. of y 2 , the desired result follows after some 
algebraic manipulations. □ 

N- — 1 — — 

Lemma 3: Let y\ and y 2 be independent random variables with p.d.f. f Vi {x) = -f-^ e A % % = 1,2, 

and a, b are positive constant, then the c.d.f. of random variable U = y\ is given by 

_* _ ab jv i TO AT 2 +j-l , . 

e A i A 2 ^ / x \ 1 / m\ m _ • ^ / ^2 + J — 1 



fc-m+1 / 

2 (^±11^) 1 A Vra+1 



2,/2^ I • (46) 



Proof: Starting from the definition, the c.d.f. of random variable U can be computed as 



y 2 + a J J ab yi \ t-ab 



F v {x) = Pr{U < x) = Pr ( Vl ^— <x)= F yi ( + / ( 47 ) 



Utilizing the c.d.f. of random variable y l5 the c.d.f. of ?7 can be expressed as 

1 Ni — l / \ m poo ,. , , / j. , \ m 

^(x) = 1 - E (fl A / ( ^ ^-V^d* (48) 

UV ' \^T(N 2 ) £^ \\J m\J ab \t-abj 

Making a change of variable s = t — ab, and simplifying, we have 

Fyfx) = 1 > — — r / e ^ A 2 ( s + a&r 2 1 ds. (49) 

1 J A^T(iV 2 ) ^ \Xj m\J \ s J 1 ; 

Applying the binomial expansion, we arrive at 

-f— ^ ATi-l / \ m m 

Ai Ao 



A^ 2 r(iv 2 , m=0 x - .- i=0 

i - 4^1 E ( f 1 AeM « m - J E ( 2 V " ) («6) JVa -' - 1 ' 



e 



^ ^ s fc " m rfs. (50) 



To this end, the desired result can be obtained with the help of [23, Eq. (3.471.9)]. □ 

Appendix II 
Proof for the iV-1-1 Systems 

A. Proof of Theorem [7] 

Starting from the definition, the outage probability can be expressed as 

Pout(7th) = Pr ( M V f N < 7th) , (51) 

\y 3 Pi + N + N /(\w\ 2 y 2 ) J 
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where y x = |hi| 2 , y 2 = \h 2 \ 2 , y 3 = |/i/| 2 - 

Conditioned on y 2 and y 3 , the outage probability can be evaluated as 

vaPpth jVrth N Q - Ith N-l / *t \m ( V^L + — 4— + 1 

TO=0 ^ ' 1 

vs£r^ — S lth N \ m 1 ^ fm\ fy 3 P! 1 



. Per? / m! ^— ' \ j J \ N \w\ 2 y2 

m=0 v 17 j=0 VJ 7 V U 

Hence, averaging over t/ 2 and t/ 3 , the unconditional outage probability can be computed as 



x Pa? J ml ^ V ? J ^ \ kj \N ) V (x 2 P + <r? 

m=0 x 17 j=0 VJ 7 fc=0 V 7 V U/ V 1 1 



r(, + 1 ) , 1 y- 2 /AW2^ , . (53) 



cr| ylwl 2 / cr| \<7 2 P|w;| 2 / J IV P|iu| 2 0fcr| 

To this end, substituting w into Eq. (1531) . the desired result can be obtained after some simple algebraic 
manipulations. 

B. Proof of Theorem [2] 

We find it convenient to give a separate treatment for the N — 1 and N > 2 cases. When N — 1, the 
outage probability reduce to 



IW*)=1 1 + ^ tf.K/*). (54) 



m v Pi / v v wi 

Applying the asymptotical expansion of K v (x) according to Eq. (I4TT) . we have 

P out (7 th ) - 1 - f 1 - ^) ( 1 - ^) ( 1 + ^ 6n ^ - - tf(2)) ) (55) 

To this end, the desired result can be obtained after some simple algebraic manipulations. 

When N > 2, due to the complex multi-summation of K v (x) in the outage expression, directly utilizing 
the asymptotic expansion Eq. (|4TT) does not seem to be tractable. Therefore, we adopt the following 
alternative approach. We note that the end-to-end SINR is statistically equivalent to 

^ = yimpifr 5 

{ym + l)V2p2 + (1 + Npx + pi) ' 
where j/ f has the p.d.f. fy^x) = x ^ N ^ e~ x , and N t = N, N 2 = N 3 = 1. Hence, the outage probability of 
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the system can be alternatively computed as 

^out 7th = Pr . , — - — ry— < — . (57) 

V (2/3P/ + 1)2/2 + (1 + Np 1 + p I )/p2 Pi J 

At the high SNR regime, the outage probability can be tightly lower bounded by 

Po u ,(7,H)>PrU(Ml,^)<*). (58) 
To this end, involving Lemma Q] yields the desired result. 

C. Proof of Theorem \3\ 

The outage probability of the system can be expressed as 

P ° Ut(7th) " ^ WPr + N )(y 3 P I + N ) + yi PN ^ 7th J 
Invoking Lemma [31 we obtain the following outage probability expression conditioned on y 3 



1/ a/- \ m -i m / \ / » r \ m ~ j J / -\ /at \ J — fc 



k — m + 1 fc + m+1 



To this end, the desired result can be obtained by further averaging over y 3 , along with some simple basic 
algebraic manipulations. 

D. Proof of Theorem |4] 

Starting from Eq. (fTTT) . conditioned on y 3 , the outage lower bound can be expressed as 

- «■ (f -)) + * PS - * (^) * + 0) • (61) 

When pi becomes large, utilizing the asymptotic expansion of lower incomplete gamma function [23, Eq. 
(8.354.1)], it is easy to show that 

A' 
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and 



Hence, quick observation reveals that the outage probability is dominated by the second term in Eq. (I6TI) 
when N > 2. On the other hand, when N = 1, the outage probability can be approximated by 



Hv3}Pi i A 7th 



(7th) « -^-^ + - + 1 -■ (64) 
Thus, the desired result follows after explicitly computing the first moment of y 3 . 

Appendix III 
Proof for the 1-iV-l systems 

A. Proof of Theorem [9] 

We start the proof by expressing the end-to-end SINR as 

where y 1 = ^£pf , y% = and y 3 = |h 2 | 2 . 

From [24], we know that y\ and y 2 follows exponential distribution with parameter a\ and erf, respec- 
tively. Moreover, y\, y 2 , and y 3 are mutually independent. Hence, conditioned on y 2 and y 3 , the outage 
probability of the system can be computed as 

_ N oith _ p nthV2 _ N oith 
PoAltb) = 1 - e Pa i e a ' 2p ^'i . (66) 



To this end, averaging over y 2 and y 3 , we have 



Pout(7th) = 1 - e ^ / e^^-e°Uy 2 \ e ~^^ ^— y ^ e ^dy 3 

Gj J a 2 1 (TV) 







N 



1 - <r(iv) ; + wr l^ivf J M^^^M 1 (6/> 



Finally, substituting w into Eq. (1671) . the desired result follows after some simple algebraic manipulations. 
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B. Proof of Theorem [77] 

The end-to-end SINR can be alternatively expressed as 



y2V2.P1 + IJ2N0 + 



7 = (68) 



where y\ = |hx| 2 and y 2 — |h 2 | 2 , and y 3 = . Noticing that y 3 is exponentially distributed with 

parameter erf, and y 3 is independent of y u the outage probability conditioned on y 2 and y 3 can be 
computed as 

^ Q a{ m m\P m \JSq w l y 2 J 

Now, applying the binomial expansion, we have 



m=0 1 ' i=0 ^ ^ i=0 



Averaging over y 3 and ?/ 2 , we have 



-2th£o „ 



N+j-i / I 



Finally, substituting w into Eq. (1701) . the desired result follows after some simple algebraic manipulations. 



C. Proof of Theorem \ 

Due to the double summation involved in Corollary [3l it is difficult to obtain the asymptotic expansion 
directly. Hence, we adopt a different approach. Following similar lines as in the proof of Corollary [0 the 
outage lower bound can be expressed as 



VlP 



^(7th) = 1 - Pr ( > 7th I Pr ( ^ > " th ) - (71 ) 



2/2 Pr 



N 

where y x = |hi| 2 and y 2 = |h 2 | 2 , and y 3 = 

Conditioned on y 3 , the outage lower bound can be expressed as 



PZ (7th) = 1 



/ 7(A^)\ / 7(^(^ + 1)^) 
T(N) T(N) 



(72) 
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Then, utilizing the asymptotic expansion of incomplete gamma function [23, Eq. (8.354.1)], the outage 
lower bound can be approximated as 

Finally, averaging over y 3 yields the desired result. 
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Fig. 1: System model: S, R, D and I denote source, relay, destination and interferer node, respectively. 
The source-relay and relay-destination link operate over different frequency fi and f 2 . The signal at R is 
corrupted by a single dominate interference I and AWGN, while the signal at D is degraded by AWGN 
only. 



TABLE I: High SNR Outage Performance Comparison 
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Impact of N 


Increasing N provides 
some array gain, but 
such improvement di- 
minishes as N be- 
comes larger. 


Increasing N provides 
some array gain, but 
such improvement di- 
minishes as N be- 
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sity order 
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Fig. 2: Outage probability of the N-l-1 dual-hop relaying systems: fixed-gain vs. variable-gain. 
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Fig. 3: Outage probability of the 1-1-N dual-hop relaying systems with different N: fixed-gain vs. variable- 
gain. 
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Fig. 4: Outage probability of the 1-N-l dual-hop relaying systems with N = 2 



: fixed-gain vs. variable-gain. 
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Fig. 5: Comparison of the outage probability of N-l-1, 1-1-N and 1-N-l dual-hop systems with fixed-gain 
relaying. 
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Fig. 6: Comparison of the outage probability of N- 1-1, 1-1-N and 1-N-l dual-hop systems with variable- 
gain relaying. 



